We propose an efficient channel estimation method for coherent optical orthogonal frequency-division multiplexing (CO-OFDM) based on weighted inter-frame averaging (WIFA), in which the channel estimation results of the adjacent frames are averaged to increase the estimation accuracy. The principle of the proposed WIFA method is theoretically analyzed, and the benefit is demonstrated by a polarization-division-multiplexed CO-OFDM transmission experiment. The channel magnitude and phase differences among adjacent frames are investigated. The effectiveness of WIFA method, combined with conventional least square method, time-domain averaging method, and intra-symbol frequency-domain averaging method, respectively, is demonstrated through 240-km standard single-mode fiber transmission with different launched power values. The experimental results show that the WIFA method can significantly enhance transmission performance.
Introduction
Coherent optical orthogonal frequency division multiplexing (CO-OFDM) technology has become more and more popular in high speed optical transmission system due to its high spectral efficiency and high tolerance against transmission impairments [1] - [5] . In CO-OFDM systems, training sequence (TS) is usually inserted in the front of every data frame to facilitate the channel estimation. Accordingly, several estimation methods have been proposed such as least square (LS) method and minimum mean square error (MMSE) method [6] . In recent years, time-domain averaging (TDA) method, intra-symbol frequency-domain averaging (ISFA) method and transform-domain processing (TDP) method are introduced to increase the estimation accuracy [7] - [11] . In the TDA method [7] - [9] , TS usually consists of several repetitions of one known OFDM symbol. The final channel response can be acquired by averaging each TS OFDM symbol's estimation. The estimation error can be reduced by increasing the number of TS OFDM symbols. However, this will decrease the transmission efficiency of the whole system. In the ISFA method [10] , the averaging is performed over multiple adjacent frequency-domain subcarriers in the same TS, which reduces the fluctuation of the channel estimation caused by noise. In the TDP method [11] , the channel estimation error is eliminated by being filtered in the transform-domain. In fact, The ISFA method and the TDP method are essentially equivalent. These two methods can achieve similar performances by designing the filters' parameters.
In this paper, we propose a weighted inter-frame averaging (WIFA) based channel estimation which can improve the channel estimation accuracy with high transmission efficiency. The basic idea of the proposed method is to average channel estimation results within multiple frames. As we know, the single-mode optical fiber channel is time-variant mainly because of the variation of polarization state and statistic characteristics such as polarization-mode-dispersion (PMD) and polarizationdependant-loss (PDL). If the insertion speed of TSs is much higher than the variation speed of polarization, the channel responses estimated by adjacent frames will be strongly correlated with each other. Therefore, the estimation accuracy can be further improved if we average these channel estimation results. Since the variation of polarization is usually in the order kilohertz [10] and the typical bit rate for CO-OFDM system is higher than 10 Gb/s, the inter-frame averaging will be feasible. The proposed WIFA method can perform a weighted inter-frame averaging based on the conventional channel estimation methods which only do intra-frame averaging. Therefore, both the intra-frame relevance and inter-frame relevance of the channel responses can be utilized to improve the estimation accuracy.
The remainder of the paper is organized as follows. The principle and the performance of the proposed WIFA method are analyzed in Section 2. A 52.9 Gb/s polarization-division multiplexed (PDM) CO-OFDM transmission setup is described in Section 3. The experimental results are discussed in Section 4. Finally, conclusions are given in Section 5.
Principle of the Proposed WIFA Method
The proposed WIFA method is based on the frame structure shown in Fig. 1 . The frames are multiplexed in time-domain. Each frame contains two segments, TS and data payload. TS contains several OFDM symbols carrying known data. In the receiver, after the compensation for frequency offset and nonlinearity, the output from OFDM demodulator can be modeled as
where Y l;i ðk Þ, H l;i ðk Þ, and X l;i ðk Þ are the frequency-domain representations of the received TS, channel transfer function (CTF), and transmitted TS in the k th subcarrier of lth TS OFDM symbol in ith frame, respectively. N l;i ðk Þ is the equivalent of introduced noise in optical link and inter-carrier interference (ICI) caused by phase noise, residual frequency offset and nonlinearity.
CTF Estimation by Each Frame
The first step of WIFA method is to estimate the CTF of the ith frame, which can be performed by many conventional methods. In this paper, three widely used methods, the conventional LS method, TDA method and ISFA method, are investigated. For the conventional LS method, only one TS OFDM symbol is used for the CTF estimation. The CTF of the ith frame can be calculated as For the TDA method, the CTF of the ith frame can be obtained bỹ
where ðY l;i ðk Þ=X l;i ðk ÞÞ is the CTF estimated using the lth OFDM symbol in TS segment. L is the number of OFDM symbols in TS segment. For ISFA method, one TS OFDM symbol is usually used for CTF estimation. The CTF of the ith frame can be represented as
where m is the number of the left and right adjacent subcarriers used to do frequency-domain averaging.
Considering the slow timing-varying characteristics of optical channel among the adjacent frames,H i ðk Þ, which is estimated by (2)-(4), can be modeled as
where Hðk Þ is the CTF in the k th subcarrier. Hðk Þ remains almost the same among the adjacent frames. i ðk Þ and N ðHÞ i ðk Þ represent the phase rotation and the equivalent noise in the k th subcarrier of ith frame. The phase rotation of each frame is caused by the different initial phases of carrier frequency, frame synchronization positions and common phase errors (CPE) due to phase noise. Therefore, i ðk Þ is linearly related to the subcarrier index k and can be written as [12] 
where i is caused by synchronization error and i is caused by the initial phase of carrier frequency and CPE.
CTFs Averaging
According to (5), we can see strong correlations among the CTFs estimated by different frames. The fH i ðk Þg in (5) can be averaged to obtain a more accurate CTF. However, the CTFs cannot be averaged directly due to the different phase rotations among different frames. The phase rotation betweenH i ðk Þ andH iÀ1 ðk Þ can be calculated as
where ffðÁÞ means the angle function. According to (6) , i ðk Þ is also a linear form, which can be written as (8) is the equivalent noise in the k th subcarrier of ith frame. Define i ¼ i À iÀ1 and i ¼ i À iÀ1 . Using LS straight line estimation method, i and i can be estimated as
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Multiplying e jð i k þ i Þ toH i ðk Þ, the CTF phases of the current frame and the past frame are aligned. The averaging of CTFs can be performed aŝ
whereĤ i ðk Þ is the final CTF estimation result. is the weighted factor between 0 and 1. In fact, (11) is the exponential moving averaging which has a low complexity in the real system implementation. The smaller the weighted factor is, the more accurate CTF estimation can be archived. However, in order to guarantee the capability of tracking channel change and the convergence speed of the moving averaging, should not be too small. One strategy to choose is
where i is the frame index and 0 is a constant value.
Performance Analysis
We use normalized mean square error (NMSE) to evaluate the performance of channel estimation method. For the conventional estimations in (2)-(4), NMSE can be represented as To facilitate the derivation of NMSE of proposed WIFA method and calculate the performance upper bound, the estimations of i and i in (9) and (10) are assumed to be ideal. Base on (5) and (6), (11) can be expanded aŝ
Taking the limit i ! 1 yieldsĤ
Then, the NMSE of the WIFA method can be derived as
By comparing (13) and (16), the WIFA method can get a more accurate channel response than conventional methods described in (2)-(4). The performance gain is about 10lgðð2 À Þ=Þ dB. Furthermore, if we want to achieve the same estimation accuracy as the TDA method, only d=ð2 À Þe TS OFDM symbols are needed, where L is the number of TS OFDM symbols in TDA methods. It means a higher transmission efficiency can be realized.
Experiment Setup
A single-band PDM 16 quadrature amplitude modulation (QAM) OFDM transmission experiment has been performed to verify the effectiveness of our proposed WIFA method. The experiment setup is shown in Fig. 2 . The frame structure in Fig. 1 is used. The data frame contains 70 payload OFDM symbols. Each OFDM symbol contains 128 subcarriers. 90 subcarriers are mapped with 16 QAM for data transmission. 2 subcarriers at direct current (DC) frequency and 32 subcarriers at edge frequency are set null. 4 subcarriers are chosen as pilots. A 128-point inverse discrete Fourier transform (IDFT) transforms the data to a complex time-domain signal. Before the signal is transmitted, both cyclic prefix (CP) and cyclic suffix (CS) with a length of 4 samples are inserted. A TS, which contains 4 repetitive known OFDM symbols, is inserted in the front of each frame for channel estimation. Another sequence with two OFDM symbols is added for synchronization and frequency offset compensation. An arbitrary waveform generator operating at 10 GS/s is used to generate offline-calculated baseband OFDM signals, resulting in a net data rate of 52.9 Gb/s. The output of the transmitter laser with linewidth of 5 kHz is modulated by the in-phase (I) and quadrature (Q) parts of the baseband signal via an optical IQ modulator. The PDM is emulated with a polarization controller (PC), a polarization beam splitter (PBS), an optical delay line, and a polarization beam combiner (PBC). The delay of the optical delay line is exactly one OFDM symbol. The transmission link consists of 3 spans, each of which includes 80 km standard single-mode fiber (SSMF) and an Erbium-doped fiber amplifier (EDFA) for loss compensation. At the receiver, the pre-filtered signal is sent into a polarization-diversity hybrid with a local oscillator (LO). The two signals interfere with each other before being detected by four balanced detectors (BD). At last, the down-converted signals are sampled at 50 GS/s by a real-time digital storage oscilloscope for further offline processing. A Finisar Waveshaper with a bandwidth of 25 GHz is adopted as the receiver-side optical band-pass filter (OBPF). The LO is a tunable laser with a linewidth of 100 kHz.
Results and Discussion
We record 15 consecutive frames for each trial in our experiment. Fig. 3 shows the magnitude and phase of the CTFs estimated by the 1th, 8th and 15th frames, where only one TS OFDM symbol is used and the launched power is À6 dBm. The magnitudes of CTFs are very similar, although these are small fluctuations due to noise and ICI. The phases of the different CTFs also have almost the same shape with random initial phase shifts, which is consistent with the model in (6) . These results confirm the slow timing-varying physical characteristics of optical channel among the adjacent frames.
The performances of the LS, TDA, ISFA and WIFA methods versus different launched powers are shown in Fig. 4 . In the TDA method, all the 4 TS OFDM symbols are used in the CTF estimation, while only the one TS OFDM symbol is used for LS and ISFA methods. In the WIFA methods based on different conventional methods, the numbers of TS OFDM symbols are same with the corresponding conventional methods. In the ISFA method, 5 adjacent subcarriers averaging is adopted. In our proposed WIFA method, we use the estimation results from LS, TDA and ISFA methods for the first step, respectively. 0 in (12) is set as 0.1. The error vector magnitude (EVM) is measured as the performance metrics [13] .
For the À6 dBm launched power, both the ISFA and TDA methods have better performances than LS method because of the frequency-domain and time-domain averaging, respectively. For the WIFA method combined with any conventional methods, the 1th frame's performance is the same as the original method. With the increase of received frames, the WIFA achieves a more accurate CTF estimation by inter-frame averaging. After 8th frame, the CTF estimated by WIFA is converged. The converged EVM performance based on the WIFAþLS method is about 2.4 dB better than the conventional LS method. Compared with the TDA method and the ISFA method, the performance of the corresponding WIFA methods also have about 0.8 dB and 0.5 dB gain, respectively. This is because the corresponding WIFA methods perform both intra-frame averaging and weighted interframe averaging, while the TDA and ISFA methods only do the inter-frame averaging.
With the launched power increasing, we can get the similar results from Fig. 4(b) and (c). However, compared with the conventional LS method, the performance benefits of all the other methods get small. It is because the estimation error is mainly introduced by the nonlinearity in the optical link, which cannot be reduced by averaging.
Conclusion
We propose an efficient channel estimation method for CO-OFDM based on WIFA. The performance improvement of the proposed WIFA method is derived theoretically. Using the single-band PDM CO-OFDM transmission experiment, the effectiveness of proposed WIFA method is demonstrated. Our experimental results show that the EVM performance of the WIFA method is 2.4 dB better than the conventional LS method under À6 dBm launched power. Compared with the TDA and ISFA methods, the performance of the WIFA method also has about 0.8 dB and 0.5 dB benefits, respectively under the circumstances of À6 dBm launched power. When the launched power goes higher, the WIFA still outperforms the conventional methods.
